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ABSTRACT 

Photomutagens ( c h e m i c a l s  t h a t  enhance t h e  m u t a g e n i c i t y  o f  nea r  
U V - v i s i b l e  r a d i a t i o n )  have been d e t e c t e d  i n  a v a r i e t y  o f  exper imen-  
t a l  c o a l -  and o i l  s h a l e - d e r i v e d  s y n t h e t i c  f u e l s  u s i n g  S. typh imur ium 
s t r a i n  TA98 and f l u o r e s c e n t  l i g h t .  I n  t h i s  s t u d y ,  photomutagen ic  
a c t i v i t y  was measured among s y n f u e l  samples t h a t  i n c l u d e d  c rude  and 
h y d r o t r e a t e d  sha le  o i l ,  c o a l  o i l  d i s t i l l a t i o n  f r a c t i o n s ,  and chemi- 
c a l  c l a s s  f r a c t i o n s  o f  c o a l  and s h a l e  oils. Photomutagen ic  a c t i v i t y  
was found t o  i n c r e a s e  w i t h  i n c r e a s i n g  b o i l i n g  p o i n t  and was concen- 
t r a t e d  i n  f r a c t i o n s  e n r i c h e d  i n  n e u t r a l  p o l y c y c l i c  a r o m a t i c  h y d r o -  
carbons  (PAH). These r e s u l t s  p o i n t  t o  h i g h  m o l e c u l a r  we igh t  n e u t r a l  
PAH c o n s t i t u e n t s  as i m p o r t a n t  photomutagen ic  components among t h e  
samples t e s t e d .  The photomutagen ic  a c t i v i t i e s  of  t h e  m a t e r i a l s  t e s -  
t e d  c o r r e l a t e  well w i t h  t h e  p r e v i o u s l y  r e p o r t e d  t u m o r i g e n i c  a c t i v i -  
t i e s  o f  t h e  same samples on mouse s k i n  b u t  c o r r e l a t e  p o o r l y  w i t h  t h e  
p r e v i o u s l y  r e p o r t e d  mu tagen ic  a c t i v i t i e s  i n  t h e  c o n v e n t i o n a l  Salmon- - ella/mammalian-microsome m u t a g e n i c i t y  t e s t  i n  wh ich  n e u t r a l  P r  
f r a c t i o n s  were i n a c t i v e .  

INTRODUCTION 

A need c u r r e n t l y  e x i s t s  f o r  d e v e l o p i n g  a l t e r n a t i v e  energy tech -  
n o l o g i e s  such as  p r o d u c i n g  p e t r o l e u m  s u b s t i t u t e s  f rom c o a l  and o i l  
sha le .  However, t h e  e l e v a t e d  r i s k  f o r  s k i n  cancers  seen among p a s t  
c o a l  and s h a l e  o i l  p r o d u c t i o n  and main tenance worke rs  (1,2) p o i n t s  
t o  a p o t e n t i a l  p rob lem t h a t  must be addressed by t h e  d e v e l o p i n g  syn-  
t h e t i c  f u e l s  t e c h n o l o g i e s .  The haza rds  a s s o c i a t e d  w i t h  s y n f u e l  p r o -  
cesses and m a t e r i a l s  s h o u l d  be i d e n t i f i e d  and m in im ized  p r i o r  t o  
commerc ia l  p r o d u c t i o n .  Accu ra te  t o x i c o l o g i c a l  da ta  i s ,  t h e r e f o r e ,  
needed f o r  r i s k  assessment purposes .  I n  a d d i t i o n ,  i n e x p e n s i v e  and 
r a p i d  t e s t s  t h a t  can  p r e d i c t  tumor i n i t i a t i n g ,  tumor p romot ing ,  
co -ca rc inogen ic  and a n t i c a r c i n o g e n i c  a c t i v i t i e s  among s y n f u e l  sam- 
p l e s  a r e  needed due t o  t h e  p o t e n t i a l l y  l a r g e  number o f  f e e d s t o c k s ,  
c o n v e r s i o n  processes  and p rocess  s t reams.  

The S .  t yph imur ium h i s t i d i n e  r e v e r s i o n  b ioassay  ( t h e  Ames as- 
say )  (3,4') u t i l i z i n g  s t r a i n  TA98 and a r a t  l i v e r  enzyme p r e p a r a t i o n  
has  been o n l y  p a r t i a l l y  s u c c e s s f u l  as a s h o r t - t e r m  b i o a s s a y  f o r  de- 
t e c t i n g  tumor i n i t i a t o r s  and/or  comple te  ca rc inogens  i n  s y n f u e l s  as 
mutagens. A l though  p o s i t i v e  c o r r e l a t i o n s  between t h e  m i c r o b i a l  mu- 
t a  e n i c i t y  and t h e  r e l a t i v e  tumor i n i t i a t i n g  c a p a c i t y  o f  s y n f u e l s  
a n 1  r e l a t e d  m a t e r i a l s  have been observed (5 ,6 ) ,  " f a l s e  n e g a t i v e s "  
have been r e p o r t e d .  For example, a h y d r o t r e a t e d  Paraho s h a l e  o i l  
has  been r e p o r t e d  t o  be c a r c i n o g e n i c  (7-10) b u t  n o t  mutagen ic  
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(9 -12) .  M i c r o b i a l  mu tagens  and c a r c i n o g e n s  have  b o t h  been  r e p o r t e d  
t o  be c o n c e n t r a t e d  i n  t h e  h i g h e s t  b o i l i n g  d i s t i l l a t i o n  f r a c t i o n s  
from s y n t h e t i c  f u e l s  (5, 12-19) .  However, t h e  m i c r o b i a l  mu tagen i -  
c i ty  o f  s y n f u e l  c h e m i c a l  c l a s s  f r a c t i o n s  h a s  b e e n  found t o  r e s i d e  
p r i m a r i l y  i n  f r a c t i o n s  e n r i c h e d  i n  a m i n o - s u b s t i t u t e d  p o l y c y c l i c  a r o -  
ma t i c  compounds (20 ,211 .  N e u t r a l  p o l y c y c l i c  a r o m a t i c  h y d r o c a r -  
bon-en r i ched  s y n f u e l  f r a c t i o n s ,  which h a v e  shown r e l a t i v e l y  h i g h  
c a r c i n o g e n i c  a c t i v i t y ,  h a v e  d e m o n s t r a t e d  l i t t l e  o r  n o  m i c r o b i a l  mu- 
t a g e n i c i t y  ( 1 7 , 2 2 1 .  Based upon t h e s e  l a t t e r  r e s u l t s ,  Ho l l and  e t .  
a 1  ( 2 2 )  h a v e  s u g g e s t e d  t h a t  w i t h  s y n f u e l s ,  t h e  " a p p a r e n t  c o r r x -  
e n  between Ames m u t a g e n i c i t y  and mammalian s k i n  t u m o r g e n i c i t y  may 
be due t o  t h e  c o i n c i d e n t a l  o c c u r r e n c e  o f  two d i s s i m i l a r  c l a s s e s  o f  
mo:eeules." 

Coa l -  a n d  s h a l e - d e r i v e d  l i q u i d s  h a v e  been known t o  p o s s e s s  
p o t e n t  p h o t o t o x i c  p r o p e r t i e s  f o r  many y e a r s  ( i . e . ,  t h e y  enhance  t h e  
l e t h a l i t y  of n o n - i o n i z i n g  r a d i a t i o n )  ( 2 3 ) .  I n  a d d i t i o n ,  a p o s i t i v e  
c o r r e l a t i o n  h a s  been  r e p o r t e d  t o  e x i s t  be tween  t h e  p h o t o t o x i c  and 
c a r c i n o g e n i c  a c t i v i t i e s  o f  p o l y c y c l i c  a r o m a t i c  compounds (24-27) .  
More r e c e n t l y ,  a number o f  s y n f u e l  m a t e r i a l s  h a v e  been  shown t o  pos -  
sess p h o t o m u t a g e n i c  a c t i v i t y ,  i . e . ,  t h e  a b i l i t y  t o  enhance  t h e  muta- 
g e n i c i t y  o f  n o n - i o n i z i n g  r a d i a t i o n  (11 ,28 -34) .  However,  t h e  s i g n i -  
f i c a n c e  o f  t h i s  p h o t o m u t a g e n i c  a c t i v i t y  t o w a r d s  p o t e n t i a l  occupa-  
t i o n a l  h a z a r d s  and t h e  r o l e  o f  pho tomutagens  i n  e f f e c t s  s een  i n  mam- 
mals  a r e  n o t  ye t  c l e a r .  I n  an  e f f o r t  t o  d e t e r m i n e  t h e  c h e m i c a l  na-  
t u r e  o f  pho tomutagens  i n  s y n t h e t i c  f u e l s  and t o  d e t e r m i n e  t h e  r e l a -  
t i o n s h i p  be tween  p h o t o m u t a g e n i c  and  c a r c i n o g e n i c  a c t i v i t i e s ,  we have  
begun t e s t i n g  s y n f u e l  f r a c t i o n s  ( i s o l a t e d  b a s e d  upon b o i l i n g  p o i n t  
and c h e m i c a l  c l a s s )  t h a t  h a v e  been c h e m i c a l l y  c h a r a c t e r i z e d  and  t e s -  
t e d  f o r  s k i n  tumor i n i t i a t i n g  c a p a c i t y .  We r e p o r t  h e r e  o u r  p r o g r e s s  
t o  d a t e  and p r e l i m i n a r y  c o n c l u s i o n s .  

MATERIALS AN0 METHODS 

Samples  

Samples  i n c l u d e d  c o a l - d e r i v e d  m a t e r i a l s  f rom t h e  S o l v e n t  Re- 
f i n e d  C o a l - I  (SRC-I) and  S R C - I 1  p r o c e s s e s .  An SRC-I1 b l e n d  o f  recy- 
c l e  p r o c e s s  s o l v e n t  and  a t m o s p h e r i c  f l a s h  column b o t t o m s  was c o l -  
l e c t e d  a t  t h e  H a r m a r v i l l e ,  PA p r o c e s s  deve lopmen t  u n i t  and was d i s -  
t i l l e d  by Gulf  S c i e n c e  and  Technology c o .  i n t o  t h e  f o l l o w i n g  b o i l i n g  
p o i n t  cu ts  ( O F ) :  300-700,  700-750, 750-800,  800-850, and  850+. 
An SRC-I p r o c e s s  s o l v e n t  was c o l l e c t e d  from t h e  W i l s o n v i l l e ,  A L  p i -  
l o t  p l a n t  o p e r a t e d  by C a t a l y t i c ,  I n c .  and  S o u t h e r n  Company S e r v i c e s  
and was d i s t i l l e d  by Air P r o d u c t s ,  I n c .  (Linwood,  PA) i n t o  b o i l i n g  
p o i n t  cuts which i n c l u d e d  an 8OOoF+ c u t ,  t h e  o n l y  SRC-I c u t  u sed  
i n  t h i s  s t u d y .  (Sample d e s c r i p t i o n s  a r e  summarized i n  r e f .  1 7 ) .  

A c r u d e  P a r a h o  s h a l e  o i l  and a h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  
were o b t a i n e d  from t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y  S y n f u e l s  Re- 
s e a r c h  M a t e r i a l s  R e p o s i t o r y  ( R e p o s i t o r y  r e f .  C 4601 and 4602,  res- 
p e c t i v e l y ) .  The c r u d e  s h a l e  o i l  was p roduced  by t h e  P a r a h o  Oevelop-  
ment Corp .  a t  A n v i l  P o i n t s ,  C O  and h y d r o t r e a t e d  a t  S o h i o ' s  Toledo 
(OH) r e f i n e r y .  The d e n s i t i e s  o f  t h e s e  s a m p l e s  a r e  r e p o r t e d  t o  be 
0 .917  g/ml ( c r u d e )  a n d  0 .842  g/ml ( h y d r o t r e a t e d )  (44). A more com- 
p l e t e  d e s c r i p t i o n  o f  t h e  s h a l e  o i l  s a m p l e s  i s  a v a i l a b l e  i n  r e f .  35. 

The c o a l  o i l  and s h a l e  o i l  s a m p l e s  were a c q u i r e d  from p i l o t  
p l a n t  or p r o c e s s  deve lopmen t  u n i t  t e s t  f a c i l i t i e s  and s h o u l d  n o t  
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n e c e s s a r i l y  be c o n s i d e r e d  t o  be  r e p r e s e n t a t i v e  o f  s y n t h e t i c  f u e l  ma- 
t e r i a l s  t h a t  may e v e n t u a l l y  be  produced a t  commerc ia l - sca le  f a c i l i -  
t i e s  . 
Chemica l  C l a s s  S e p a r a t i o n  

t i o n a t e d  p r i o r  t o  b ioassay  u s i n g  t h e  p rocedure  o f  L a t e r  e t  a l .  
(36 ) .  The s e p a r a t i o n  p rocedure  i n v o l v e d  a d s o r p t i o n  o f  a p p r o x i m a t e l y  
0.1-0.2 g o f  sample o n t o  3 g o f  n e u t r a l  a lum ina ,  p a c k i n g  t h e  a lum ina  
o n t o  6 g o f  f r e s h  a lum ina ,  and s u c c e s s i v e  e l u t i o n  w i t h  hexane ( f r a c -  
t i o n  A l ) ,  benzene (A2) ,  ch1oro fo rm:e thano l  (99 :1 ) (A3)  and 10% e than-  
o l  i n  t e t r a h y d r o f u r a n  (A4) t o  g i v e  f r a c t i o n s  e n r i c h e d  i n  a l i p h a t i c  
hydrocarbons ,  p o l y c y c l i c  a r o m a t i c  hyd roca rbons  (PAH), n i t r o g e n - c o n -  
t a i n i n g  p o l y c y c l i c  a r o m a t i c  compounds (NPAC) and h y d r o x y - s u b s t i t u t e d  
p o l y c y c l i c  a romat i c  compounds (HPAC), r e s p e c t i v e l y .  The coa l -de -  
r i v e d  samples were f r a c t i o n a t e d  u s i n g  a s l i g h t l y  m o d i f i e d  p rocedure  
wh ich  has been r o u t i n e l y  used a t  P a c i f i c  Nor thwes t  L a b o r a t o r y  t o  
genera te  f r a c t i o n s  f o r  chemica l  and b i o l o g i c a l  a n a l y s i s .  The alum- 
i n a  was a c t i v a t e d  by s t o r i n g  a t  1500C, t h e  wa te r  c o n t e n t  o f  t h e  
a lum ina  was m a i n t a i n e d  a t  a p p r o x i m a t e l y  1.5% and methano l  r e p l a c e d  
e t h a n o 1 : t e t r a h y d r o f u r a n  as t h e  f i n a l  e l u e n t .  A l so ,  t h e  sample-ad- 
so rbed  ( 3 9 )  and f r e s h  a lum ina  ( l l g )  were so l ven t -packed  w i t h  hexane 
(37 ,38) .  I t  shou ld  be n o t e d  t h a t  oxygen and s u l f u r  h e t e r o c y c l i c  
compounds e l u t e  p r i m a r i l y  w i t h  t h e  n e u t r a l  PAH-enr iched f r a c t i o n  
(A2)  u s i n g  these p rocedures  (36 ) .  

P r e p a r a t i o n  o f  Samples f o r  P h o t o m u t a g e n i c i t y  T e s t i n g  

p r i o r  t o  b ioassay .  Most o f  t h e  m a t e r i a l s  t e s t e d ,  i n c l u d i n g  t h e  
A2-A4 chemica l  c l a s s  f r a c t i o n s ,  were c o m p l e t e l y  s o l u b l e  i n  DMSO; 
however, when some o f  t h e  c o a l  o i l  d i s t i l l a t e  c u t s  were d i l u t e d  i n  
DMSO, a s m a l l  amount o f  i n s o l u b l e  m a t e r i a l  was observed.  A c o n s i d -  
e r a b l e  p o r t i o n  o f  t h e  c rude  and h y d r o t r e a t e d  s h a l e  o i l s  appeared t o  
be OMSO-insoluble. I n  a l l  cases t h e  DMSO-insoluble components had  
t h e  same appearance (waxy, a g g r e g a t i n g  p a r t i c l e s )  a s  t h e  a l i p h a t i c  
hyd roca rbon  f r a c t i o n s  ( A l )  d i l u t e d  i n  DMSO. The i n s o l u b l e  m a t e r i a l s  
p r e s e n t  i n  t h e  DMSO p r e p a r a t i o n s  o f  t h e  SRC c r u d e  d i s t i l l a t e  c u t  ma- 
t e r i a l s  and t h e  s h a l e  o i l s  were assumed t o  be  t h e  a l i p h a t i c  h y d r o -  
carbon components. The a l i p h a t i c  hyd roca rbon  f r a c t i o n  w e i g h t  p e r -  
c e n t  compos i t i ons  o f  t h e  SRC-I1 300-70DOF, 700-750°F, 
750-800°F, 80O-85O0F and 8500F+ d i s t i l l a t e s  have been r e p o r t e d  
t o  be  32, 15, 15, 4 and 2%, r e s p e c t i v e l y  (39 ) .  The c rude  and h y d r o -  
t r e a t e d  Paraho s h a l e  o i l s  have been r e p o r t e d  t o  c o n t a i n  45  and 16% 
DMSO-extractable m a t e r i a l ,  r e s p e c t i v e l y  ( 2 9 ) .  An aqueous s o l u t i o n  
o f  an a l i p h a t i c  hyd roca rbon-en r i ched  ( A l )  f r a c t i o n  was p r e p a r e d  us-  
i n g  t h e  d e t e r g e n t  Tween 80 (Sigma) and methods p r e v i o u s l y  d e s c r i b e d  
(40-42) .  I n  b r i e f ,  an aqueous p r e p a r a t i o n  was made w i th  t h e  A 1  
f r a c t i o n  a t  2 mg/ml and 20% ( v / v )  Tween 80 i n  d i s t i l l e d  w a t e r .  Bac- 
t e r i a l  suspens ions  were exposed t o  t h e  t e s t  subs tances  by  a d d i n g  0 . 1  
m l  o f  t h e  aqueous o r  OMSO p r e p a r a t i o n  t o  3.9 m l  o f  b a c t e r i a l  suspen- 
s i o n ,  g i v i n g  f i n a l  t r e a t m e n t  c o n c e n t r a t i o n s  o f  e i t h e r  2.5% DMSO 
( v / v )  or  0.5% Tween 80 ( v / v ) .  I n  t r e a t m e n t s  w i t h  DMSO p r e p a r a t i o n s  
h a v i n g  an  i n s o l u b l e  a l i p h a t i c  hyd roca rbon  component, t h e  a c t u a l  o i l  
c o n c e n t r a t i o n  i n  s o l u t i o n  would b e  reduced  i n  p r o p o r t i o n  t o  t h e  
amount o f  DMSO-insoluble ( a l i p h a t i c )  m a t e r i a l  p r e s e n t .  

The h y d r o t r e a t e d  Paraho s h a l e  o i l  sample was c h e m i c a l l y  f r a c -  

S y n f u e l  samples were d i l u t e d  and mixed i n  DMSO (Sigma, Grade 1) 
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B i o a s s a y  

d e s c r i b e d  p r e v i o u s l y  (11) and were  s l i g h t  m o d i f i c a t i o n s  o f  t h e  meth- 
od  of Ames e t  a l .  ( 3 )  and  Maron and Ames ( 4 ) .  S u s p e n s i o n s  o f  Salmon- 
e l l a  contai-1-2x109 c e l l s / m l  i n  p h o s p h a t e  b u f f e r  (0.1 M, pH 
7.4) were  u n t r e a t e d  or t r e a t e d  w i t h  1) f l u o r e s c e n t  r a d i a t i E n ,  2 )  
t e s t  s u b s t a n c e  ( i n  t h e  d a r k ) ,  or 3 )  f l u o r e s c e n t  r a d i a t i o n  and t e s t  
s u b s t a n c e ,  c o n c u r r e n t l y .  F l u o r e s c e n t  r a d i a t i o n  was from G e n e r a l  
E l e c t r i c  and P h i l i p s  ( W e s t i n g h o u s e )  15 Watt  c o o l  w h i t e  f l u o r e s c e n t  
t u b e s  w i t h  an i r r a d i a n c e  t o  t h e  s u s p e n s i o n s  o f  18 W/m2. (The i r -  
r a d i a n c e  was 1 7  W/m2 i n  t e s t s  o f  t h e  u n f r a c t i o n a t e d  s h a l e  oils.) 
Fo;lo*ing p i e d e t e r m i n e d  d u r a t i o n s  o f  e x p o s u r e  t o  t e s t  s u b s t a n c e  
a n d / o r  r a d i a t i o n ,  0 .1  m l  vo lumes  o f  t r e a t e d  s u s p e n s i o n s  were removed 
f o r  measurements  o f  m u t a t i o n  (as r e v e r s i o n  t o  h i s t i d i n e  p r o t o t r o p h y )  
o r  s u r v i v a l .  H i s t i d i n e  r e v e r s i o n  was measured u s i n g  t h e  p l a t e  i n -  
c o r p o r a t i o n  method ( 3 )  w i t h  t o p  a g a r  supp lemen ted  w i t h  0 .1  m l  of  nu-  
t r i e n t  b r o t h  and  i n s u f f i c i e n t  h i s t i d i n e  f o r  g rowth  o f  n o n - r e v e r t a n t s  
t o  m a c r o s c o p i c  c o l o n i e s .  S u r v i v a l  was measured f o l l o w i n g  d i l u t i o n  
i n  n u t r i e n t  b r o t h  b y  p l a t i n g  0 . 1  m l  volumes u s i n g  t h e  p l a t e  i n c o r -  
p o r a t i o n  method ( 3 )  w i t h  t o p  a g a r  supp lemen ted  w i t h  0 . 1 5  m l  o f  0.1 E 
h i s t i d i n e  H C 1  ( S i g m a ) .  S t r a i n  T A 9 8  was u s e d  i n  a l l  e x p e r i m e n t s .  

T h e  Salmonella/mammalian-microsome t es t  p r o c e d u r e  o f  Ames 
a l .  ( 3 )  and  Maron and Ames ( 4 )  was u s e d  w i t h  minor  m o d i f i c a t i o n s  a s  
= s c r i b e d  i n  r e f .  33. S t r a i n  TA98 was used i n  a l l  e x p e r i m e n t s .  

R e v e r t a n t  a n d  s u r v i v i n g  c o l o n i e s  were c o u n t e d  f o l l o w i n g  2 - 3  
d a y s  i n c u b a t i o n  a t  37.5oC. T h e  s p o n t a n e o u s  number o f  r e v e r -  
t a n t s / p l a t e  o b s e r v e d  i n  t h e  a b s e n c e  o f  t r e a t m e n t  was s u b t r a c t e d  from 
r e v e r t a n t / p l a t e  v a l u e s  o b s e r v e d  on m u t a t i o n  a s s a y  p l a t e s  t o  g i v e  
c o r r e c t e d  r e v e r t a n t / p l a t e  v a l u e s  f o r  e a c h  t r e a t m e n t .  Based upon t h e  
number o f  c o r r e c t e d  r e v e r t a n t s / p l a t e  and t h e  c o r r e s p o n d i n g  number o f  
s u r v i v o r s  f o r  e a c h  t r e a t m e n t ,  t h e  m u t a t i o n  f r e q u e n c y  r e s p o n s e  ( i n  
r e v e r t a n t s / l 0 9  s u r v i v o r s )  was c a l c u l a t e d  by t h e  method o f  Green 
and M u r i e l  ( 4 3 ) .  The m u t a t i o n  f r e q u e n c y  r e s p o n s e  t o  f l u o r e s c e n t  
l i g h t  ( i n  t h e  a b s e n c e  o f  t e s t  s u b s t a n c e )  was s u b t r a c t e d  from t h e  mu- 
t a t i o n  f r e q u e n c y  r e s p o n s e s  t o  l i g h t  and t es t  s u b s t a n c e s  t o  g i v e  the 
c o r r e c t e d  r e v e r t a n t s / l 0 9  s u r v i v o r s  ( p l o t t e d  i n  t h e  t e x t  f i g u r e s ) .  
Tex t  F i g u r e s  2 a n d  3 and  T a b l e s  1 and  2 g i v e  means and  s t a n d a r d  de- 
v i a t i o n s  f o r  v a l u e s  o b t a i n e d  from m u l t i p l e ,  i n d p e n d e n t  e x p e r i m e n t s  
(where t h e y  c a n  b e  p l o t t e d ) .  

P h o t o m u t a t i o n  a s s a y  p r o c e d u r e s  were p e r f o r m e d  e s s e n t i a l l y  a s  

RESULTS 

E f f e c t  o f  H y d r o t r e a t m e n t  on t h e  M u t a g e n i c i t y  o f  S h a l e  O i l  

Crude a n d  h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  s amples  were t e s t e d  f o r  
m u t a g e n i c i t y  1) i n  t h e  Salmonella/mammalian-microsome t e s t  and  2 )  i n  
t h e  p h o t o m u t a t i o n  a s s a y .  When t h e  p a r e n t  c r u d e  and h y d r o t r e a t e d  
oils were t e s t e d  i n  t h e  Salmonella/mammalian-microsome t e s t  i n  t h e  
a b s e n c e  o f  m i c r o s o m a l  enzymes and i n  t h e  p h o t o m u t a t i o n  a s s a y  i n  t h e  
a b s e n c e  of l i g h t ,  m u t a g e n i c  r e s p o n s e s  t o  t h e  o i l s  were n o t  d e t e c t e d ;  
d i r e c t - a c t i n g  mutagens  were  n o t  d e t e c t e d  i n  e i t h e r  o i l .  When t h e  
o i l s  were t e s t e d  u s i n g  a mic rosomal  enzyme p r e p a r a t i o n  ( S 9 ) ,  t h e  re -  
s u l t s  shown i n  F i g u r e  1 were o b t a i n e d .  
i n  ag reemen t  with o t h e r  s t u d i e s  (9 -10 ,121  i n  showing t h a t  t h e  c r u d e  
Pa raho  s h a l e  o i l  i s  mutagen ic  and t h e  h y d r o t r e a t e d  s h a l e  o i l  i s  n o t  
d e t e c t a b l y  m u t a g e n i c  t o w a r d s  S a l m o n e l l a  when t e s t e d  i n  t h e  p r e s e n c e  

These  r e s u l t s  ( F i g .  1) a r e  
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o f  r a t  l i v e r  microsomal  enzymes ( i . e . ,  t h e  Ames a s s a y ) .  S l o p e  v a l -  
u e s  ( r e v e r t a n t s / u g )  f o r  t h e  r e s p o n s e s  shown i n  F i g u r e  1 were c a l c u -  
l a t e d  u s i n g  d a t a  from i n i t i a l  l i n e a r  r e g i o n s  o f  d o s e - r e s p o n s e  c u r v e s  
and a r e  g i v e n  i n  T a b l e  1 ( i n  t h e  " A m e s  a s s a y "  co lumn) .  

The pho tomutagen ic  r e s p o n s e s  o f  S a l m o n e l l a  s u s p e n s i o n s  t o  
f l u o r e s c e n t  l i g h t  p l u s  e i t h e r  t h e  c r u d e  s h a l e  o i l  o r  t h e  h y d r o t r e a t -  
e d  p r o d u c t  o i l  a r e  shown i n  F i g u r e  2 .  The s h a l e  o i l s  were  t e s t e d  a t  
s e v e r a l  c o n c e n t r a t i o n s  and t h e  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a r e  
p l o t t e d  i n  F i g u r e  2 a s  a f u n c t i o n  o f  t h e  p r o d u c t  o f  s h a l e  o i l  con -  
c e n t r a t i o n  t i m e s  d u r a t i o n  o f  i r r a d i a t i o n .  The a p p a r e n t  dependency  
o f  t h e  pho tomutagen ic  r e s p o n s e s  on t h e  p r o d u c t  o f  o i l  c o n c e n t r a t i o n  
t i m e s  l i g h t  e x p o s u r e  d e m o n s t r a t e s  a form o f  " r e c i p r o c i t y "  o f  o i l  and 
l i g h t  d o s e s  on t h e  p h o t o m u t a g e n i c  r e s p o n s e ,  a phenomenon o b s e r v e d  
p r e v i o u s l y  wi th  an E a s t e r n  U.S. s h a l e  o i l  s a m p l e  ( 3 4 ) .  The re-  
s p o n s e s  shown i n  F i g u r e  2 were  n o r m a l i z e d  t o  r e f l e c t  t h e  r e s p o n s e  t o  
100 ug/ml and s l o p e  v a l u e s  f o r  l i n e a r  f i t s  o f  t h e  m u t a t i o n  f r e q u e n c y  
r e s p o n s e s  a s  a f u n c t i o n  of m i n u t e s  i r r a d i a t e d  a r e  g i v e n  i n  T a b l e  1. 
Based upon t h e s e  s l o p e  v a l u e s ,  h y d r o t r e a t m e n t  r e d u c e d  pho tomutagen-  
i c i t y  by a p p r o x i m a t e l y  78%. 

P h o t o m u t a g e n i c i t y  o f  H y d r o t r e a t e d  P a r a h o  S h a l e  O i l  Chemical  Class 
F r a c t i o n s  

Column ch romatography  o f  t h e  h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  on 
n e u t r a l  a lumina ( a s  d e s c r i b e d  i n  r e f s .  36-38) y i e l d e d  f r a c t i o n s  
t e r m e d  A l ,  A2, A3 and A4 which were  e n r i c h e d  i n  a l i p h a t i c  h y d r o c a r -  
b o n s ,  n e u t r a l  p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s  (PAH), n i t r o g e n - c o n -  
t a i n i n g  p o l y c y c l i c  a r o m a t i c  compounds (NPAC), and  h y d r o x y - s u b s t i t u -  
t e d  PAC (HPflC) r e s p e c t i v e l y .  F r a c t i o n s  from s e v e r a l  c h e m i c a l  c l a s s  
f r a c t i o n a t i o n s  were b i o a s s a y e d ;  t h e  t o t a l  r e c o v e r y  o f  m a t e r i a l  e lu-  
t e d  by a lumina  column ch romatography  was > 84%. The p e r c e n t a g e  o f  
t h e  o r i g i n a l  m a t e r i a l  r e c o v e r e d  i n  e a c h  f r a c t i o n  was: A l ,  70-71%; 
A2, 10-11%; A 3 ,  1%; and A 4 ,  2-10%. ( V a l u e s  r e p r e s e n t  t h e  r a n g e  o f  
r e c o v e r i e s  from m u l t i p l e  d e t e r m i n a t i o n s . )  These  resul ts  a r e  i n  r e a -  
s o n a b l y  good ag reemen t  w i t h  v a l u e s  r e p o r t e d  f o r  a d i f f e r e n t  s e p a r a -  
t i o n  p r o c e d u r e ;  i . e . ,  66 .5% s a t u r a t e s ,  9 . 8 %  PAH, 5 .4% NPAC, 0 . 9 %  po- 
l a r s  and 82.6% t o t a l  r e c o v e r y  ( 4 5 ) .  The d i f f e r e n c e s  i n  r e c o v e r i e s  
o f  p o l a r  compounds may r e f l e c t  an  e f f e c t  o f  a l k y l  s u b s t i t u t i o n s  ( a l -  
k y l a t i o n  r e s u l t i n g  i n  p a r t  from h y d r o t r e a t m e n t )  on c h e m i c a l  c l a s s  
s e p a r a t i o n  schemes b a s e d  upon t h e  p o l a r i t y  o f  t h e  s a m p l e .  The A2-A4 
f r a c t i o n s  were each  t e s t e d  f o r  p h o t o m u t a g e n i c i t y  u s i n g  100 ug /ml ;  
t h e  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a r e  shown i n  F i g u r e  3. F i g u r e  3 
shows t h a t  t h e  A2 f r a c t i o n  was t h e  most pho tomutagen ic  f r a c t i o n ,  a l -  
t hough  a l l  t h r e e  f r a c t i o n s  were a c t i v e .  The r e c o v e r y  o f  f r a c t i o n  A4 
from t h e  s h a l e  o i l  was h i g h l y  v a r i a b l e  (2-10%). The pho tomutagen ic -  
i t y  o f  t h e  A4 f r a c t i o n  was g e n e r a l l y  l o w e r  when t h e  recovery o f  
f r a c t i o n  A4 was low and t h e  d a t a  f o r  f r a c t i o n  A4 p l o t t e d  i n  F i g u r e  3 
a r e  from an  A 4  f r a c t i o n  i n  which h i g h  r e c o v e r y  was o b t a i n e d .  S l o p e  
v a l u e s  f o r  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a s  a f u n c t i o n  o f  m i n u t e s  i r -  
r a d i a t e d  a r e  g i v e n  i n  T a b l e  1. 

P h o t o m u t a g e n i c i t y  of Coal  Oils a s  a F u n c t i o n  of B o i l i n g  P o i n t  Range 

SRC-I1 d i s t i l l a t i o n  c u t s  h a v i n g  d i f f e r e n t  b o i l i n g  p o i n t  r a n g e s  
were  t e s t e d  f o r  pho tomutagen ic  a c t i v i t y  u s i n g  5 0  ug/ml o f  e a c h  o i l  
(less t h e  DMSO-insoluble component ,  see M a t e r i a l s  and Methods ) .  
S l o p e  v a l u e s  f o r  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a s  a f u n c t i o n  o f  m i n -  
u t e s  i r r a d i a t e d  a r e  g i v e n  i n  T a b l e  2.  The d a t a  show a t r e n d  t o w a r d s  
h i g h e r  p h o t o m u t a g e n i c  a c t i v i t y  w i t h  i n c r e a s i n g  b o i l i n g  p o i n t  o f  t h e  
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m a t e r i a l  t e s t e d .  I n  t h e  a b s e n c e  of  f l u o r e s c e n t  l i g h t  i r r a d i a t i o n ,  
t h e  same S R C - I 1  c u t s  were  n o t  d e t e c t a b l y  mutagen ic ,  e x c e p t  t h e  
800-850oF c u t ,  which gave  r e s p o n s e s  t h a t  were s u g g e s t i v e  of a v e r y  
l o w  l eve l  of d i r e c t - a c t i n g  ( n o n - p h o t o s e n s i t i z e d )  mutagen ic  a c t i v i -  
t y .  T r e a t m e n t  w i t h  100 ug/ml of  t h e  800-850° c u t  f o r  two h o u r s  i n  
t h e  d a r k  r e s u l t e d  i n  3 4  r e v e r t a n t s  p e r  p l a t e  above  background .  

P h o t o m u t a q e n i c i t y  of Coa l  O i l  Chemica l  C l a s s  F r a c t i o n s  

T h e  SRC-I1 800-8500 d i s t i l l a t i o n  c u t  was a l s o  s e p a r a t e d  i n t o  
chemica l  c l a s s  f r a c t i o n s  by column ch romatography  on n e u t r a l  alumi- 
n a .  F r a c t i o n s  from s e v e r a l  s e p a r a t i o n s  were  b i o a s s a y e d ;  i n  t h e s e  
s e p a r a t i o n s  t o t a l  r e c o v e r y  was 2 9 8 % .  T h e  p e r c e n t a g e  o f  t h e  o r i g i n -  
a l  m a t e r i a l  r e c o v e r e d  i n  e a c h  f r a c t i o n  was: A l ,  3 - 4 % ;  A2, 54-55%; 
A 3 ,  23-25%; and  A4, 17%; v a l u e s  t h a t  a r e  i n  r e a s o n a b l e  ag reemen t  
w i t h  p r e v i o u s l y  r e p o r t e d  v a l u e s  ( 1 7 , 3 9 , 4 6 ) .  F r a c t i o n s  were p r e p a r e d  
f o r  b i o a s s a y  a s  s o l u t i o n s  i n  DMSO e x c e p t  f r a c t i o n  A l ,  which was i n -  
s o l u b l e  i n  DMSO and was p r e p a r e d  a s  a DMSO "slurry" and  a s  an aque-  
ous s o l u t i o n  w i t h  Tween 80. The s l o p e  v a l u e s  r e p r e s e n t i n g  t h e  muta- 
t i o n  f r e q u e n c y  r e s p o n s e  t o  f r a c t i o n s  A1-A4 a s  a f u n c t i o n  o f  m i n u t e s  
i r r a d i a t e d  a r e  g i v e n  i n  T a b l e  2. T h e  A2 f r a c t i o n  was c l e a r l y  t h e  
m o s t  p h o t o m u t a g e n i c  f r a c t i o n ;  t h e  A 3  f r a c t i o n  was a l s o  photomutagen- 
i c ,  b u t  t h e  A 1  f r a c t i o n  was i n a c t i v e  when t e s t e d  e i t h e r  a s  a DMSO 
s l u r r y  o r  a s  an  aqueous  p r e p a r a t i o n  w i t h  Tween 80. The  A 4  f r a c t i o n  
was o n l y  s l i g h t l y  a c t i v e  o r  i n a c t i v e .  The SRC-I1 A1-A4 f r a c t i o n s  
were n o t  d e t e c t a b l y  m u t a g e n i c  when t e s t e d  i n  the  d a r k ,  excep t  f r a c -  
t i o n  A 3 ,  w h i c h  i n d u c e d  34 r e v e r t a n t s  pe r  p l a t e  above  background f o l -  
l owing  two  h o u r s  of  e x p o s u r e .  

An SRC-I 8000+ d i s t i l l a t e  was a l s o  s e p a r a t e d  i n t o  f r a c t i o n s  
A l - A 4 ;  however ,  on ly  t h e  A2 f r a c t i o n  was s o l u b l e  i n  t h e  b i o a s s a y  
system. The A2 f r a c t i o n  was t e s t e d  i n  a p r e l i m i n a r y  e x p e r i m e n t  
( d a t a  n o t  shown) and found t o  have  no d e t e c t a b l e  m u t a g e n i c i t y  i n  the  
d a r k ;  however ,  i n  t h e  p r e s e n c e  o f  l i g h t  t h e  A2 f r a c t i o n  was h i g h l y  
pho tomutagen ic ,  showing a l e v e l  o f  a c t i v i t y  s i m i l a r  t o  t h a t  i nduced  
by t h e  A2 , f r a c t i o n  of t h e  SRC-I1 800-850° c u t  ( T a b l e  2 ) .  

DISCUSSION 

Al though a r e l a t i v e l y  l i m i t e d  number of  s amples  h a v e  been  t e s -  
t e d ,  o u r  d a t a  s u g g e s t  t h a t  h i g h  b o i l i n g  p o i n t  components  i n  t h e  PAH- 
e n r i c h e d  f r a c t i o n  a r e  t h e  d e t e r m i n a n t  c h e m i c a l  pho tomutagen( s  i n  
s y n t h e t i c  f u e l s .  S u b s t a n t i a l  p h o t o m u t a g e n i c i t y  was a l s o  measured i n  
coal o i l  and s h a l e  o i l  NPAC f r a c t i o n s  and  t h e  HPAC s h a l e  o i l  f r a c -  
t i o n .  T h e  HPAC and a l i p h a t i c  hydroca rbon  f r a c t i o n s  i s o l a t e d  from 
the  SRC m a t e r i a l s  were  r e l a t i v e l y  i n a c t i v e .  S t r n i s t e  e t .  a l .  (31)  
h a s  r e p o r t e d  s i m i l a r  r e s u l t s  i n  which e s s e n t i a l l y  a l l  m t o m u t a -  
gens  (measured  u s i n g  c u l t u r e d  mammalian c e l l s )  p r e s e n t  i n  a s h a l e  
o i l  r e t o r t  b y - p r o d u c t  w a t e r  p a r t i t i o n e d  i n t o  a b a s e -  and  n e u t r a l - e n -  
r i c h e d  f r a c t i o n .  

a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( e . g . ,  1 7 , 1 8 , 4 5 ) .  Numerous PAH have  
been i d e n t i f i e d  among t h e  samples  t e s t e d ,  i n c l u d i n g  a v a r i e t y  of 
f o u r -  and f i v e - r i n g  compounds and a l k y l  d e r i v a t i v e s  t h e r e o f ,  and 
c a r c i n o g e n s  s u c h  a s  b e n z o ( a ) a n t h r a c e n e ,  m e t h y l c h r y s e n e s  b e n z o f l u o r -  
a n t h e n e s  and b e n z o ( a ) p y r e n e .  I t  is  n o t  y e t  known which compounds 
p r e s e n t  i n  t h e  PAH f r a c t i o n s  were r e s p o n s i b l e  f o r  pho tomutagen ic  ac -  
t i v i t y .  B e n z o ( a ) p y r e n e  h a s  been r e p o r t e d  t o  be pho tomutagen ic  i n  
c u l t u r e d  mammalian c e l l s  ( 3 2 )  and  U V  r a d i a t i o n  can  enhance  ( a n d  

Chemica l  a n a l y s e s  of  PAH p r e s e n t  i n  t h e  m a t e r i a l s  t e s t e d  a r e  
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i n h i b i t )  t h e  c a r c i n o g e n i c  response o f  mammalian c e l l s  t o  benzo(a ) -  
pyrene ( 4 7 ) .  The occu r rence  o f  ca rc inogens  and mutagens such as 
benzo(a)pyrene i n  samples t h a t  were n o t  mutagen ic  w i t h  enzyme a c t i -  
v a t i o n  (SRC-I1 800-8500 A2 f r a c t i o n ,  S R C - I  8000+ A2 f r a c t i o n ,  
h y d r o t r e a t e d  Paraho s h a l e  o i l ,  see Tab les  1 and 2 )  sugges ts  t h e  
presence o f  an t imutagens i n  these  samples. Haugen and Peak ( 4 8 )  
have shown t h a t  u n d e f i n e d  components can i n h i b i t  t h e  m ic rosoma l  en- 
zyme a c t i v a t i o n  o f  mutagens i n  c o a l  l i q u i d s .  Some h e t e r o a t o m i c  com- 
pounds can a l s o  be  expec ted  t o  be p r e s e n t  i n  t h e  A2 f r a c t i o n s .  F o r  
example, an S R C - I 1  heavy d i s t i l l a t e  ( f r o m  wh ich  t h e  800-85OoF c u t  
was i n  p a r t  d e r i v e d )  has  been shown t o  c o n t a i n  t h r e e  and f o u r  r i n g  
th iophene  ana logs ,  as w e l l  as d i b e n z o f u r a n  and m e t h y l d i b e n z o f u r a n  
(30). N i t r o g e n  h e t e r o c y c l i c s  i d e n t i f i e d  i n  t h e  h y d r o t r e a t e d  Paraho 
s h a l e  o i l  i n c l u d e  a l k y l a t e d  and u n s u b s t i t u t e d  c a r b a z o l e s ,  benzocar -  
b a z o l e ( s ) ,  and azapy rene(s )  ( 3 6 ) .  The NPAC f r a c t i o n  o f  t h e  SRC-I1 
800-8500F c u t  has been r e p o r t e d  t o  c o n t a i n  a h i g h  c o n c e n t r a t i o n  o f  
b e n z o ( a ) c a r b a z o l e  (20 .5  mg/g) and lower  amounts o f  azapyrenes ,  
2 -aza f luo ran thene ,  and numerous a m i n o - s u b s t i t u t e d  PAH ( 1 7 ) .  

between mutagen ic  and c a r c i n o g e n i c  a c t i v i t i e s  i n  complex m i x t u r e s  
such as s y n t h e t i c  f u e l s .  Tab les  1 and 2 g i v e  d a t a  i n d i c a t i v e  o f  
c a r c i n o g e n i c i t y ,  p h o t o m u t a g e n i c i t y ,  and m u t a g e n i c i t y  i n  t h e  p resence  
o f  mic rosomal  enzymes (Ames assay )  f o r  s h a l e  o i l  ( T a b l e  1) and c o a l  
o i l  ( T a b l e  2 )  m a t e r i a l s .  Bo th  t h e  c rude  and h y d r o t r e a t e d  Paraho 
s h a l e  o i l  samples have been r e p o r t e d  t o  b e  c a r c i n o g e n i c  f o l l o w i n g  
c h r o n i c  dermal  a p p l i c a t i o n s  t o  mouse s k i n .  H y d r o t r e a t m e n t  was r e -  
p o r t e d  t o  reduce b u t  n o t  e l i m i n a t e  c a r c i n o g e n i c i t y  (7-101, and t h e  
c a r c i n o g e n i c  p o t e n c i e s  o f  t h e  c rude and h y d r o t r e a t e d  Paraho s h a l e  
oils g i v e n  i n  Tab le  1 a r e  r e l a t i v e  t o  t h e  response t o  benzo(a )py rene  
(8). The c a r c i n o g e n i c  p o t e n c i e s  o f  t h e  c o a l  o i l  m a t e r i a l s  g i v e n  i n  
Tab le  2 were d e r i v e d  f rom c h r o n i c  and/or  i n i t i a t i o n - p r o m o t i o n  ( I P )  
mouse s k i n  p a i n t i n g  t e s t s .  The c a r c i n o g e n i c i t y  r e s u l t s  and t h e  mu- 
t a g e n i c i t y  w i t h  enzyme a c t i v a t i o n  ( i .e . ,  Ames assay r e s u l t s  u s i n g  
s t r a i n  TA98) f o r  t h e  c o a l  o i l s  ( T a b l e  2 )  have been n o r m a l i z e d  t o  
g i v e  responses  r e l a t i v e  t o  t h e  response t o  an SRC-I1 heavy  d i s t i l -  
l a t e ,  a r b i t r a r i l y  g i v e n  a v a l u e  o f  100 (39 ) .  

A compar ison o f  t h e  c a r c i n o g e n i c  and mutagen ic  a c t i v i t i e s  g i v e n  
i n  Tab les  1 and 2 s h o u l d  be approached w i t h  c a u t i o n .  The d a t a  i n  
Tab les  1 and 2 were t o  some degree d e r i v e d  by p rocedures  t h a t  p r o -  
v i d e  e s t i m a t e s  and d i f f e r e n t  ana lyses  were a p p a r e n t l y  used  t o  a r r i v e  
a t  t h e  c a r c i n o g e n i c i t y  v a l u e s  g i v e n  f o r  t h e  s h a l e  o i l s ,  t h e  SRC-I1 
d i s t i l l a t e s  and t h e  S R C - I 1  800-850° chemica l  c l a s s  f r a c t i o n s .  A 
c a u t i o u s  approach f o r  compar ing  t h e  b ioassay  r e s u l t s  wou ld  be  t o  
c o n s i d e r  o n l y  whether a t e s t  subs tance produced p o s i t i v e  or n e g a t i v e  
r e s u l t s .  The most o b v i o u s  d i sc repancy  between assays was obse rved  
w i t h  t h e  S R C - I 1  800-8500 A2 f r a c t i o n  ( T a b l e  21, wh ich  was h i g h l y  
c a r c i n o g e n i c  and h i g h l y  photomutagen ic  b u t  was n o t  mutagen ic  w i t h  
enzyme a c t i v a t i o n .  S i m i l a r l y ,  an SRC-I 8000+ A2 f r a c t i o n  ( n o t  
shown i n  Tab le  2 )  was observed t o  be  h i g h l y  c a r c i n o g e n i c  i n  t h e  i n -  
i t i a t i o n - p r o m o t i o n  t e s t  ( 4 9 ) ,  h i g h l y  photomutagen ic  i n  a p r e l i m i n a r y  
t e s t  (see  R e s u l t s ) ,  b u t  n o t  mutagen ic  w i t h  enzyme a c t i v a t i o n  (19) .  
The h y d r o t r e a t e d  Paraho s h a l e  o i l  ( T a b l e  1) was a l s o  found  t o  b e  po- 
s i t i v e  f o r  c a r c i n o g e n i c i t y  and p h o t o m u t a g e n i c i t y  b u t  n o t  mutagen ic  
w i t h  enzyme a c t i v a t i o n  (9,10,12, Tab le  11, a l t h o u g h  one s t u d y  ( 5 0 )  
r e p o r t e d  a l ow  l e v e l  o f  enzyme-mediated muta e n i c i t y  (0.24 r e v e r -  
t a n t s / u g )  f o r  t h i s  sample.  
e l i c i t e d  an a p p a r e n t l y  " f a l s e  p o s i t i v e "  response,  b e i n g  a p p a r e n t l y  

T h i s  s tudy  was conducted  i n  p a r t  t o  de te rm ine  t h e  r e l a t i o n s h i p  

The SRC-I1 300-7800 c u t  ( T a b l e  2 )  
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n e g a t i v e  f o r  c a r c i n o g e n i c i t y  and p h o t o m u t a g e n i c i t y  b u t  p o s i t i v e  f o r  
enzyme-mediated m u t a g e n i c i t y .  Ano the r  r e p o r t  ( 5 1 )  a l s o  found t h i s  
sample t o  b e  m u t a g e n i c  w i t h  enzyme a c t i v a t i o n ,  a l t h o u g h  two o t h e r s  
( 1 8 , 4 6 )  d i d  n o t .  Of t h e  r e m a i n i n g  s a m p l e s ,  t h e  c r u d e  Fa raho  s h a l e  
o i l ,  t h e  SRC-I1 700-750°,  750-800°, and 800-8500 c u t s  and t h e  
800-8500 A 3  f r a c t i o n  were a l l  p o s i t i v e  f o r  c a r c i n o g e n i c i t y ,  pho to -  
m u t a g e n i c i t y ,  and  m u t a g e n i c i t y  w i t h  enzyme a c t i v a t i o n ;  t h e  SRC-I1 
800-8500 A 1  a n d  A4 f r a c t i o n s  were a l l  n e g a t i v e  i n  t h e  t h r e e  b i o a s -  
s a y s  o r  gave  r e s p o n s e s  t h a t  were s u g g e s t i v e  o f  a low l e v e l  o f  a c t i -  
v i t y .  

i c i t y ,  p h o t o m u t a g e n i c i t y  and enzyme-mediated m u t a g e n i c i t y ,  i n  7 
c a s e s  t h e r e  was a g r e e m e n t  between a l l  t h r e e  a s s a y s  and i n  4 c a s e s  
t h e  p h o t o m u t a g e n i c i t y  d a t a  was i n  b e t t e r  q u a l i t a t i v e  a g r e e m e n t  w i t h  
c a r c i n o g e n i c i t y  t h a n  were t h e  m u t a g e n i c i t y  d a t a  o b t a i n e d  u s i n g  en-  
zyme a c t i v a t i o n .  The s t r o n g  ag reemen t  between p h o t o m u t a g e n i c i t y  and 
c a r c i n o g e n i c i t y  among t h e  s y n f u e l  m a t e r i a l s  c o u l d  b e  c o i n c i d e n t a l .  
However, t h e  a g r e e m e n t  is  s u f f i c i e n t l y  e x t e n s i v e  t o  c o n s i d e r  p o s s i -  
b l e  f u n d a m e n t a l  u n d e r l y i n g  r e l a t i o n s h i p s .  I t  i s  p o s s i b l e  t h a t  a n i -  
mals  exposed  t o  the  s y n f u e l s  were a l s o  exposed  t o  s i g n i f i c a n t  
amounts  of e n v i r o n m e n t a l  r a d i a t i o n  ( s u c h  a s  f l u o r e s c e n t  room l i g h t ) ,  
and t h e  p o s i t i v e  c o r r e l a t i o n  shown i n  T a b l e  2 may r e f l e c t  a media-  
t i o n  o f  c o a l  o i l - i n d u c e d  t u m o r i g e n e s i s  by p h o t o c h e m i c a l  p r o c e s s e s .  
A l t e r n a t i v e l y ,  p h o t o s e n s i t i z e d  e f f e c t s  c a u s e d  by c h e m i c a l s  s u c h  a s  
t h o s e  p r e s e n t  i n  s y n t h e t i c  f u e l s  may h a v e  s e r v e d  a s  a s e l e c t i v e  
p r e s s u r e  f o r  t h e  e v o l u t i o n  o f  t h e  enzymes t h a t  d e g r a d e  p h o t o s e n s i -  
t i z e r s  and a p p a r e n t l y  h a v e  a r o l e  i n  FAC-induced c a r c i n o g e n e s i s .  I t  
i s  a l s o  p o s s i b l e  t h a t  p h o t o m u t a g e n e s i s  and c a r c i n o g e n e s i s  by FAC 
s y n f u e l  components  p r o c e e d  by t h e  same mechan i sm(s ) .  One p o s s i b l e  
common mechanism c o u l d  i n v o l v e  t h e  p a r t i c i p a t i o n  o f  r e a c t i v e  oxygen 
s p e c i e s  s u c h  a s  s u p e r o x i d e  a n i o n ,  which i s  g e n e r a t e d  1) by endogen-  
ous c e l l u l a r  chromophores ,  when i r r a d i a t e d  w i t h  n e a r  UV l i g h t  ( 5 2 1 ,  
2 )  i n  human l u n g s  i n  r e s p o n s e  t o  c h r o n i c  t o b a c c o  smoke e x p o s u r e  
( 5 3 ) ,  and 3 )  p o s s i b l y  a l s o  i n  mouse s k i n  f o l l o w i n g  t r e a t m e n t  w i th  
s y n f u e l  m a t e r i a l s .  

I n  summary, of 11 samples  t h a t  have  been t e s t e d  f o r  c a r c i n o g e n -  
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T a b l e  1. C a r c i n o g e n i c i t y  and M u t a g e n i c i t y  o f  S h a l e  Oils 

M a t e r i a l  
C a r c i n o g e n i c i t y a  M u t a g e n i c i t y  

( c h r o n i c  t e s t )  Amesb Pho tomuta t  i o n C  

Crude  Pa raho  S h a l e  O i l  1 / 9 9 8  3 .720 .1  45220 

H y d r o t r e a t e d  
Paraho  S h a l e  O i l  1 /2780  -0.0004+0.0009 1021  - 7  

H y d r o t r e a t e d  A2 N D ~  
Paraho  S h a l e  
O i l  Chemical A 3  NO 
C l a s s e s  

A4 ND 

N D  4829.0  

ND 3928.2  

ND 3227.8 

aFrom r e f .  8 ,  c a r c i n o g e n i c  p o t e n c i e s  r e l a t i v e  t o  b e n z o ( a ) p y r e n e .  
bTh i s  s t u d y ,  r e v e r t a n t s / u g  o i l .  
CThis s t u d y ,  r e v e r t a n t s / l 0 9  s u r v i v o r s / m i n u t e  i r r a d i a t e d ,  100  u g h 1  
t e s t e d  or  no rma l i zed  t o  g i v e  r e s p o n s e s  t o  100 ug/ml .  
d N D - n o t  d e t e r m i n e d .  

50001 T 
500r 

, 

0 -0-8 0-8-0-0 

O 100 300 500 l p00spoo1~0  
' -LA- 

nl SHALE OILIPLATE 

F i g u r e  1. M u t a g e n i c i t y  o f  c r u d e  
( c l o s e d  symbol s )  and h y d r o t r e a t e d  
(open  symbol s )  Pa raho  s h a l e  o i l s  
t e s t e d  i n  two s e p a r a t e  e x p e r i -  
ments ( c i r c l e s  and t r i a n g l e s )  
w i t h  a microsomal  enzyme p r e p a r a -  

1 

I 
11 t i o n  ( S 9 ) .  

Crude + Light 

0 

v) 

8 4000- 
z 
> a 
3 0) 

? 3000- 
v) 

I- z 
a I- 
W 

5 2000- +, 
a 
0 W 
I- 

V 

100 200 300 
nl SHALE OIL /ml  x HOURS IRRADIATED 

F i g u r e  2 .  P h o t o m u t a g e n i c i t y  o f  
c r u d e  ( c l o s e d  s y m b o l s )  and hydro -  
t r e a t e d  (open  symbol s )  Pa raho  
s h a l e  o i l s  t e s t e d  u s i n g  1 0  (v) ,  
50 (O) ,  l o o  ( O ) , o r  250 ( A )  
n l  o i l / m l .  
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T a b l e  2. C a r c i n o g e n i c i t y  and M u t a g e n i c i t y  of  SRC-I1 
D i s t i l l a t e s  and Chemica l  C l a s s e s  

M a t e r i a l  

D i s t i l l a t e s :  

Heavy d i s t i l l a t e  

300-700°F 

700-750°F 

750-800OF 

800-850°F 

Chemical c l a s s e s :  

800- 850° f r a c t  i o n  A 1  

A2 

A3 

A4 

R e l a t i v e  Re l a  t i v e  
C a r c i n o g e n i c i t y  M u t a g e n i c i t y  

IP" Chron ic"  - Ames" P h o t o m u t a t i o n u  - -  

100 

0 

18 

14 

49 

1oc 

1 5 8  

79  

---c 

100 1 0 0  

0 70 

87 95 

120  138 

157 14 8 

0 

0 

700 

0 

NO 

2.0 2 2 .3  

12  2 9 . 3  

15  2 3.7 

27 2 2 . 2  

1.3 2 3.8 

200 2 101  

32  2 9 . 2  

6.6 2 7.7 

aFrom r e f .  39. Values a r e  re- 
l a t i v e  t o  heavy d i s t i l l a t e ,  g i -  
ven a v a l u e  o f  1 0 0 .  I P  - i n i -  
t i a  t ion-promo t i o n  t e s t  . 
b T h i s  s t u d y ,  r e v e r t a n t s / l 0 9  
s u r v i v o r s / m i n u t e  i r r a d i a t e d ,  50 
ug/ml t e s t e d .  ND - n o t  d e t e r -  
mined. 
CNot a s i g n i f i c a n t  r e s p o n s e .  

F i g u r e  3 .  P h o t o m u t a g e n i c i t y  of  
h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  
chemica l  c l a s s  f r a c t i o n s  t e s t e d  
a t  100 ug/ml .  

HOURS IRRADIATED 
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